Populus deltoides is considered to be a weak resprouter and highly susceptible to wildfire, but few post-wildfire studies have tracked P. deltoides response and resprouting within the Great Plains of North America. Following a wildfire in southwestern Kansas, U.S.A., we surveyed burned and unburned areas of a cottonwood riparian forest along the Cimarron River that included a major understory invader, tamarisk (Tamarix ramosissima Ledeb.). We tested the following hypotheses, which are consistent with the current understanding of P. deltoides response to wildfire in the Great Plains: (1) regeneration of P. deltoides will be low in areas burned by the wildfire; (2) the number of dead P. deltoides individuals will be greater in the wildfire than unburned areas; and (3) tamarisk regeneration will be higher than P. deltoides regeneration in the wildfire areas because tamarisk is considered a stronger resprouter. We found evidence contrary to two of our hypotheses 3 years following the wildfire. (1) P. deltoides regeneration was high following the wildfire, averaging 692 individuals/ha. (2) The number of dead mature cottonwood trees was greater in wildfire plots than in unburned plots. (3) There was more P. deltoides regeneration than tamarisk regeneration following wildfire. These findings, which diverge from the majority of studies examining P. deltoides regeneration in the Great Plains, suggest that differing local environmental and forest stand conditions, coupled with the timing and intensity of the fire, could be important determinants of riparian forest species' responses to wildfire.
Introduction
Concern over declines in cottonwood recruitment and the eventual loss of cottonwood riparian forests has spurred major restoration initiatives across their range (Rood & Mahoney 1990 ). Recruitment limitation is considered to be the biggest threat to the long-term persistence of riparian cottonwood forests (Dreesen et al. 2002; Rood et al. 2003b) . Management recommendations have therefore emphasized planting new cottonwood trees while protecting old, mature cottonwood stands from extreme disturbance events (Fick & Geyer 2010; Colorado State Forest Service 2015) . In addition, in many areas, managers are concerned because Tamarix and Juniperus spp. dominate the understory of many old cottonwood stands as a result of a lack of disturbance and appear poised to succeed cottonwood riparian forests in the future (Sudbrock 1993) ; additionally, many other understory species are changing the community structure of riparian forests (Nemec et al. 2013) . In response, restoration of these stands often includes intensive chemical and mechanical removal of woody invaders from the understory (Friedman et al. 2005) . Prioritization of planting and intensive exotic species control is not unique to cottonwood riparian forests in North America. A recent review of restoration activities for riparian vegetation worldwide showed native planting and exotic species control to be ubiquitous in published restoration studies (González et al. 2015) .
Human activities have greatly altered disturbance regimes in cottonwood riparian forests relative to pre-settlement historical contexts. Human alteration of riparian hydrologic regimes, especially a reduction in variability of flood events, has driven a switch from asynchronous to synchronous cottonwood stands with low seedling recruitment (Gom & Rood 2000; Lytle & Merritt 2004) . River damming and flow modification have reduced peak flows, resulting in fewer flood events and completely eliminating extreme flooding in many cottonwood riparian forests (Palmer et al. 2008 ). Prior to engineering of rivers and streams in the early twentieth century, flooding and the meandering of alluvial rivers created patches suitable for seedling recruitment. This led to a dynamic mosaic of cottonwood stands ranging from young, early successional patches to older "climax" patches. In addition, cottonwood riparian forests are also subject to fires of differing intensities especially in the Great Plains of North America where riparian cottonwood forests are situated within a grassland matrix. Periods of drought frequently occur in central and western North America (Stambaugh et al. 2011) , which provided occasions for high-intensity crown fires to impact riparian cottonwood forests (Dwire & Kauffman 2003) . Many cottonwood species resprout following wildfire (Gom & Rood 2000) . Populus deltoides, however, is considered to be a weak resprouter in the Great Plains (Rood et al. 2007) . Despite evidence that under some conditions, P. deltoides will resprout following fire (Ellis 2001; Smith et al. 2009 ), the dominant view of forest management agencies is that wildfire is catastrophic for P. deltoides forests throughout their range in the Great Plains. This is concerning because of the increase in wildfire occurrence across the Great Plains this decade, and the expectation for this trend to continue (Guyette et al. 2015) .
Few studies, however, have tracked resprouting of P. deltoides following fire in the Great Plains, so information is lacking across this geographic range. Rood (1999, 2000) show that P. deltoides is a weak resprouter following fire relative to other cottonwood species in southern Alberta. No other studies have assessed the response of P. deltoides to fire in this region. However, findings from southwestern U.S.A. show that P. deltoides can resprout prolifically following wildfire (Ellis 2001) , suggesting that even within a species, the local environment as well as pre-and post-fire conditions are important determinants of response to wildfire. The assumption of many managers in the Great Plains, given the information available, is that intensive restoration plantings are required following wildfire to sustain existing cottonwood forest throughout the region. The assumed lack of regeneration also creates the need for intensive management aimed at reducing exposure of taller and older cottonwood trees to fire. However, the resulting lack of disturbance enables Tamarix and Juniperus spp. invasion into the understory. As a result, restoration practitioners must also allocate time and money to intensive interventions that mechanically or chemically remove woody invaders. A better understanding of the resprouting and regeneration patterns of P. deltoides following wildfire could help identify alternative restoration methods for increasing regeneration of cottonwood riparian forests and, more generally, potential limitations in current riparian vegetation restoration plans worldwide. Large dam construction continues globally (Molles et al. 1998) . As a result, altered flow regimes and degradation of riparian vegetation is a ubiquitous problem necessitating the identification of effective restoration interventions.
A 2011 wildfire on the Cimarron National Grasslands provided a unique opportunity to better understand P. deltoides resprouting and recruitment potential, and Tamarix spp. invasion following wildfire. The wildfire burned approximately 65% of the P. deltoides riparian forest on the national grasslands. Mechanical removal of dead cottonwood stems had not been conducted immediately after the fire and the riparian area is fenced to exclude livestock, allowing us to avoid these potentially confounding factors from an analysis of wildfire responses. Given information currently available regarding fire in P. deltoides riparian forests in the Great Plains, we expect fire to result in a change in forest structure with loss of older, tall trees and an absence of regeneration of younger age classes. In addition, we expect tamarisk invasion to increase following wildfire via an increase in seedlings and resprouting of mature trees in the wildfire area. We surveyed burned and unburned areas 3 years following the wildfire to test three hypotheses: (1) because P. deltoides is considered to be a weak resprouter in this region, regeneration will be minimal in areas burned by the wildfire; (2) dead P. deltoides individuals (top-killed trees) will be greater in the wildfire than in unburned areas; and (3) tamarisk regeneration will be higher than P. deltoides regeneration in the wildfire areas because it is considered a stronger resprouter than P. deltoides. Our objective is to provide evidence that supports, or alternatively allows improvement of, the current understanding regarding P. deltoides cottonwood forest response to fire in the Great Plains and, more broadly, identify important considerations for developing potential restoration alternatives to intensive management for riparian forest vegetation globally.
Methods

Study Site
Cimarron National Grassland (37 ∘ 7.29 ′ N, 101 ∘ 53.81 ′ W) is comprised of 43,777 ha of shortgrass prairie grassland with a plains cottonwood (Populus deltoides ssp. monilifera (Ait.) Eckenwalder) riparian forest traversing the interior of the grassland along the floodplain of the Cimarron River. Tamarisk (Tamarix ramosissima Ledeb.) has become the dominant understory species across the cottonwood riparian area. Surveys of the Cimarron River Basin indicate that the Cimarron riparian corridor is 67% invaded by tamarisk in Morton County, where the Grassland is located (Kansas Water Office 2005) . Cimarron National Grassland is located in southwest Kansas, U.S.A. where climate is considered semiarid with a mean annual precipitation of 400 mm and precipitation occurring predominantly during the growing season. The riparian area at Cimarron National Grassland is fenced to prevent livestock access. The Cimarron River was the focus of several previous studies, which provide a historic record of long-term changes in its morphology and vegetation (Schumm & Lichty 1963; VanLooy & Martin 2005) . These studies provide insight from 1874 through 2001 on channel width and vegetation. The Cimarron River channel, which was a narrow meandering channel vegetated by grasses, began to widen after a major flood in 1914. It continued to widen until 1942, when above average annual precipitation and low peak flows allowed for accretion of sediment along the now wide, braided channel. Riparian trees and shrubs began to develop on islands, stabilizing the banks and capturing sediment. Over time, these vegetated islands became attached to the banks (Schumm & Lichty 1963) . This narrowing trend continued until 1991, when the entire floodplain was covered with riparian trees and shrubs, interspersed with grasses and weeds. From 1991 until 2001, the narrowing continued in some areas but slowed or reversed in others (VanLooy & Martin 2005) . On 8-12 May, 2011, the Tunner wildfire burned 7,075 ha of the Cimarron National Grassland. At the time of the wildfire, P. deltoides in the riparian area typically have fully developed leaves and seeds that are beginning to form. Seeds are typically released in early June in this region. At the time of the Tunner Fire, the region was experiencing an extreme to exceptional drought (Palmer Drought Severity Index <−4.0; U.S. drought monitor; Fig. 1 ). The wildfire spread through the center of the national grassland, burning the central portion of the cottonwood forest, while leaving stretches of riparian vegetation that had not been burned to the east and west of the burned area (Fig. 2) . The Tunner Fire was described by forest service officials as one of the most extreme wildfires in this region, with erratic fire behavior. In addition, a bulletin issued by the National Interagency Fire Center which is responsible for tracking fire behavior using advanced models in order to coordinate suppression declared that "the fire behavior is considered extreme at this time" on the afternoon of the second day of the fire. Drought conditions persisted following the wildfire, with below average precipitation through October 2011 (Fig. 1 ).
November and December 2011 had above average precipitation, but drought continued through the beginning of 2012 as well. The stretch of the Cimarron River crossing the national grassland is typically dry most of the year, but groundwater is typically found 30-45 cm below the channel surface (Cimarron National Grassland, unpublished data). Daily streamflow for the Cimarron River, as measured by a streamflow gauge in Morton County, KS (United States Geological Service Gauge 7,155,590, Cimarron River near Elkhart) was negligible both before the fire and for the intervening time period between the Tunner Fire and sampling in October 2014, with the only nonzero value, 48.1 m 3 /s, occurring in October 2012 (U.S. Geological Survey 2016).
Sampling Design and Data Collection
We established 14 100 × 50 m plots along the riparian corridor. Half of the plots were randomly located in the area burned by the 2011 Tunner wildfire. The other seven plots were randomly located in the riparian area directly east and west of the wildfire (Fig. 2) . In September 2014, we measured the height, stem/trunk diameter at breast height (DBH), and number of stems for each cottonwood or tamarisk individual. Distinct cohorts were readily apparent as most individuals were either <5 cm DBH or >15 cm DBH. Cottonwood and tamarisk individuals were classified into categories based on size and condition: a mature individual with intact live foliage (live mature tree >0.05 m DBH), mature individual with no live foliage (dead mature tree >0.05 m DBH), juvenile with intact live foliage (live juvenile <0.05 m DBH), juveniles with no live vegetation (dead juvenile <0.05 m DBH). Juveniles could be new individuals resulting from seed germination, clonal regeneration resulting from lateral root suckering, clonal regeneration resulting from resprouting buried shoots, or clonal regeneration resulting from basal resprouting. We distinguished basal resprouts from the other categories of juveniles, but the other categories could not be distinguished from one another. Large tree heights (e.g. >3 m) were measured with a Nikon Forestry Pro Laser Rangefinder/Hypsometer. Shorter trees and resprouts were measured with a telescoping meter pole.
Elevation and distance to channel are thought to be important determinants of resprouting success and juvenile establishment because of the dependency of riparian cottonwoods in semiarid systems on alluvial water originating from stream flow (Rood et al. 2003a (Rood et al. , 2003b . Therefore, we used a United Stated Department of Agriculture, Farm Service Agency, National Agriculture Imagery Program photo from 7 July, 2014 to determine the minimum distance from each plot to the river channel. We used ArcGIS to digitize the channel and measured the nearest distance to the channel from each plot. We used one-third arc-second (approximately 10 m resolution) Digital Elevation Models, a layer of the National Elevation Dataset developed by the USGS National Geospatial Program Office, to determine the average elevation of each plot to provide a proxy for distance to groundwater.
Data Analysis
To explore the differences in the number of cottonwoods and tamarisks in each age-class/status category in burned and unburned plots, we used generalized linear models (GLMs). We modeled the dependent variables (counts of cottonwood and tamarisk in each age-class/status category) as a function of treatment (burned or unburned) using a Poisson distribution and a log link function. In addition, we also compared number of recruits in burned plots for the two species to test hypothesis 3 using a GLM with a Poisson distribution and log link function (dependent variable: counts of recruits in burned plots, independent variable: species). In cases where biophysical process-pattern relationships are nonuniform and exhibit spatial structure in data, it is most appropriate to incorporate spatial autocorrelation into the statistical model (Legendre 1993) . Because wildfire is a spatially contagious process, the effects of fire are often spatially autocorrelated as a result of spatial variation in fire behavior that results from differences in the spatial patterning of fuels and weather across a landscape (Twidwell et al. 2009 ). We tested for spatial autocorrelation in each response variable using a Mantel test to identify correlation between a distance matrix of the spatial location of each plot and a matrix of distances between values of each response variable. In cases where the Mantel test identified autocorrelation, we used the latitude and longitude of plots to determine a matrix of dissimilarities in distance among sampling points, following guidelines from Legendre (1993) . We used principal coordinates of neighbor matrices (PCNM; Borcard & Legendre 2002; Borcard et al. 2004; Dray et al. 2006) to extract the eigenvectors associated with positive eigenvalues for the distance matrix to obtain an approximation of spatial structures. These were added as independent variables to the GLM and a stepwise selection process was used to identify the PCNM eigenvectors that result in the best model fit. The resulting model accounts for spatial autocorrelation in the data at multiple spatial scales identified by the model selection process (Borcard et al. 1992) .
To explore differences in overall age-class/status structure of cottonwoods where the wildfire burned and did not burn, we binned the heights of each cottonwood tree included in the study to establish a height distribution for wildfire and unburned areas. Bin widths were chosen at 0.53 m using the Freedman-Diaconis rule (Wand 1997) which establishes bin width with the equation:
We used Pearson's product-moment correlation to test for correlations between the proportion of top-killed trees that resprouted from the base in a plot and the following: plot elevation, nearest distance from plot to channel, average height of adult P. deltoides in the plot, and average DBH of adult P. deltoides in the plot. We also tested for correlations between the factors listed above and number of juveniles in the plot. We controlled the false discovery rate using the algorithm derived by Benjamini and Hochberg (1995) .
Results
Plots burned in the wildfire differed from unburned plots, having extremely high levels of P. deltoides regeneration and topkill of a large proportion of adults. This finding is consistent with our second hypothesis regarding the effect of fire on adult P. deltoides. However, it counters our expectation of low regeneration following wildfire. In our study, unburned plots have a bimodal size distribution with moderate amounts of small and large size classes, but few trees in intermediate size classes (Fig. 3A) . Burned plots, however, had high numbers of trees in small size classes and low numbers in the large size classes, with numbers tapering off as size increases (Fig. 3A) . Regeneration was prolific in burned plots and largely absent from unburned plots (Fig. 3B ). There were many more juveniles in burned plots than unburned plots (z = −26.9, p < 0.001). Burned plots had 629 juveniles per hectare on average, while unburned plots had 13. In burned plots, the percent of juveniles resulting from basal resprouting ranged from 5 to 12% (averaging 8.5%). The majority of juveniles were either new individuals resulting from seed germination, clonal resprouts resulting from lateral root suckering, or clonal resprouts resulting from buried shoots. Number of dead juveniles did not differ between burned and unburned plots (z = −0.004, p = 0.997). There were more dead mature cottonwood trees, defined as top-killed trees, in burned plots (z = −9.05, p < 0.001). Burned plots had 33 dead mature trees per hectare on average, while unburned plots had 9 dead mature trees per hectare. Conversely, there were fewer live mature cottonwood trees in burned plots than in unburned plots (z = 3.86, p < 0.001). There were 9 live mature trees per hectare on average in burned plots and 21 in unburned plots.
Tamarisk adults, dead adults, and juveniles differed between burned and unburned plots. The wildfire top-killed many adult tamarisk individuals, resulting in more live adults (z = −2.24, p < 0.025) and fewer dead adults (z = −3.53, p < 0.001) in unburned areas than in burned areas (Table 1) . We also found several charred stumps that appeared to be tamarisk individuals in burned plots, suggesting that the average number of dead tamarisk individuals in burned plots is a conservative estimate. The number of juveniles was higher in burned plots than in unburned plots (Table 1 ; z = −16.11, p < 0.001). However, counter to our expectation in hypothesis 3, the number of P. deltoides juveniles was higher than the number of tamarisk juveniles in the burned areas (Table 1 ; z = −25.61, p < 0.001), suggesting tamarisk regeneration is not outpacing P. deltoides regeneration in burned plots. Conversely, tamarisk regeneration is greater than P. deltoides regeneration in unburned areas (Table 1 ; z = −25.61, p < 0.001). Burned plots also displayed great variability in response across the landscape. Standard errors for all age/status categories of cottonwood are large relative to those for unburned plots (Table 1) .
Mantel tests revealed spatial autocorrelation among plots for tamarisk live adults and dead juveniles, therefore PCNM axes were included in those models according to model selection criteria. For adults, 3 axes were included and the resulting Akaike Information Criterion (AIC) was lowered from 45.02 (model without PCNM vectors) to 43.07. For dead recruits, 2 PCNM axes were included, reducing AIC from 32.98 to 28.9. No spatial autocorrelation was detected for any other age class/status for either species, suggesting that tamarisk individuals are likely patchily distributed across the landscape, but there were no spatial patterns in recruitment or mortality that resulted from the spread of fire across the landscape.
According to Pearson's product-moment tests, there was no correlation between either number of juveniles in a plot or proportion of top-killed adults resprouting from the base and any of the factors explored (plot elevation, nearest distance from plot to channel, average height of adult P. deltoides in the plot, and average DBH of adult P. deltoides in the plot; Table 2 ).
Discussion
Current restoration of riparian cottonwood forests seeks to increase recruitment by planting cottonwood seedlings, eliminating extreme disturbance events that shift the system away from a mature cottonwood stand, and reducing invasion into the understory, because recruitment limitation is viewed as the biggest barrier to their persistence (Dreesen et al. 2002; Rood et al. 2003b ). Yet we found many P. deltoides juveniles 3 years following wildfire on the Cimarron National Grassland (an average of 692 recruits per hectare across the burned parts of the riparian forest). In contrast, the frequency of juveniles was low in unburned plots (an average of 14 recruits per hectare). Data from unburned plots suggest that unburned cottonwood stands are vulnerable to local extinction in this riparian forest. In unburned areas, the number of seedlings barely outpaced mortality of adult cottonwood from drought or natural die-off and juveniles do not appear to be transitioning to larger size classes given the lack of intermediate-sized cottonwood trees in unburned areas. In addition, tamarisk regeneration is outpacing P. deltoides regeneration in unburned areas, suggesting the potential for tamarisk to replace P. deltoides in these stands.
This study demonstrates that P. deltoides, like other cottonwood species, can exhibit prolific resprouting following wildfire. We found that an average of 60% of top-killed P. deltoides had basal resprouts 3 years following fire. Our study was an advantageous survey of post-wildfire response, and as such is unreplicated. However, this response is not unique to our study area at Cimarron National Grassland. On the Rio Grande river in New Mexico, U.S.A., approximately 50% of another subspecies of P. deltoides, Rio Grande cottonwood (P. deltoides ssp. wislizeni (S. Wats.) Eckenwalder), top-killed in a wildfire, resprouted from either roots or shoots (Ellis 2001) ; another study from the Middle Rio Grande river in central New Mexico found high resprouting as well (Smith et al. 2009 ). In addition, although not the result of fire, hundreds of new P. deltoides stem and sprout shoots were found after major ice damage to a riparian forest in eastern Montana, U.S.A. (Smith & Pearce 2000) , suggesting that P. deltoides can indeed resprout prolifically. Lab experiments also show that P. deltoides is capable of producing root suckers (Schier & Campbell 1976) . P. deltoides was found to have been produced through root suckers in a riparian forest in Arizona, U.S.A. (Howe & Knopf 1991) and in another section Aigeiros cottonwood, Fremont's cottonwood (Populus fremontii, S. Wats.), was determined to have been produced by root suckers in a riparian forest in Utah, U.S.A. (Irvine & West 1979 ). While we were unable to determine whether the majority of juveniles (those not the result of basal sprouting) were new recruits from seed or resprouting from roots or buried shoots, the burned areas in this study clearly exhibit the potential for regeneration of cottonwood stands following fire. However, for this potential to be realized, the long-term survival of these juveniles must be established. Little mortality of juveniles has been observed by Cimarron National Grassland staff as of May 2017, 6 years following fire (L. Brown 2017, personal communication) . This is encouraging and suggests that there might be conditions under which P. deltoides riparian forest can recover following fire. Follow-up studies should be conducted to determine if these juveniles ultimately grow to maturity and replace adults killed by the Tunner Fire. In addition, data on the ontogeny of juveniles could aid in the development of mechanistic models describing P. deltoides response to fire. Agency reports often identify P. deltoides as a weak resprouter; however, our data, when taken together with those collected by Ellis (2001) , Smith et al. (2009) , Smith and Pearce (2000) , and others, provide evidence that suggests that P. deltoides is capable of vigorous resprouting following wildfire. Data from several studies in the Great Plains of North America do support the premise that P. deltoides is a weak resprouter following wildfire (Gom & Rood 1999 Rood et al. 2007) . Differences between P. deltoides resprouting in these studies and both Ellis (2001) and Smith et al. (2009) could be due to high post-fire precipitation in the latter studies. However, we found prolific resprouting in our study as well and drought continued for a long period of time following the Tunner wildfire. In addition, the timing of the post-fire data collection could be important. The Ellis (2001) study was conducted 2 years following fire and the Smith et al. (2009) study was 4 years following fire. They found that survival of resprouts was lowest in the first year following fire and generally increased over time. Our study and follow-up conversations with National Grassland personnel suggest that there is little mortality of juveniles 6 years after the fire. Smith et al. (2009) found that survival of resprouts was related to depth to groundwater. At the Cimarron National Grassland, groundwater is typically available within 30-45 cm below the surface on the soils that the riparian forest overlays. In semiarid regions, cottonwoods have been shown to be dependent on water originating from streamflow because precipitation is lower than potential evapotranspiration. As a result, groundwater in riparian zones is typically only available because of stream recharge (Rood et al. 2003a) . Cottonwoods are typically found only 3-4 m above the base stage of the river. Therefore, the location of cottonwood relative to the river is generally related to elevation more often than distance directly (Stromberg & Patten 1996) . We did not see a difference in the number of juveniles or the percent of top-killed adults that formed basal resprouts relative to either elevation or distance from the river channel. Ellis (2001) found similarly that resprout rate did not differ with distance from the channel, they attributed this to a shallow water table under the entire floodplain, which is consistent with conditions at the Cimarron National Grassland where groundwater is typically found between 30 and 45 cm below the surface. The availability of groundwater throughout the burned area could explain the high number of P. deltoides juveniles in our study. The lack of difference in number of juveniles or percent top-killed adults relative to elevation might be the result of readily available groundwater throughout the site. However, it might also be the case that the resolution of the elevation data available for the study site might not be fine enough to capture the microsite variation driving resprouting response. Depth to groundwater was not reported in studies that found poor resprouting of P. deltoides and other section Aigeiros cottonwood following fire (Gom & Rood 1999 Rood et al. 2007) .
Other factors potentially contributing to differential responses of P. deltoides to fire include the age of the stand, the intensity of the fire, the timing of the burn, the competitive influence of neighboring species, differential patterns in the environmental variables controlling channel morphology among sites, and phenotypic differences in populations of P. deltoides. Individuals at Cimarron National Grassland likely became established between 1953 and 1991 given the history of riparian vegetation in that section of the Cimarron River (Schumm & Lichty 1963; VanLooy & Martin 2005) , making them between 20 and 60 years old. P. deltoides individuals are thought to lose their ability to resprout after the first several decades (Friedman & Lee 2002) . However, the individuals resprouting following the Tunner Fire were likely more than several decades old, suggesting that, while age might play a role in determining the potential for resprouting, it is not an absolute determinant. Therefore, it is likely that many variables are interacting to drive P. deltoides resprouting responses, including climatic, demographic, and environmental contexts as well as pre-and post-wildfire conditions.
Fire effects generally are context dependent and can vary widely depending on location and pre-and post-fire conditions (Spies et al. 2006) . Studies that found P. deltoides to be a weak resprouter in the Great Plains (Gom & Rood 1999 Rood et al. 2007 ) were conducted in areas with different channel morphology as a result of different climatic conditions, sediment supply, and flow variability than southwestern Kansas (Friedman et al. 1997) . This has been shown to influence riparian forest responses to altered disturbance regimes, such as reduced peak flows from damming, and therefore could play a role in mediating responses to other disturbances such as fire (Friedman et al. 1997) . However, even within a region where channel morphology likely did not vary, both Ellis (2001) and Smith et al. (2009) found variable amounts of resprouting in different locations. This suggests that not only climate, but also local environmental conditions, such as available groundwater, as well as the demographic condition of the stand, might play a role in post-fire resprouting response.
In addition to differing climate and environmental conditions, post-wildfire stand management could play a role in determining P. deltoides regeneration following wildfire. For instance, the effects of post-wildfire salvage on cottonwood regeneration are relatively unknown. Herbivory has also been shown to limit cottonwood recruitment, while native browsers did not limit recruitment in Cimarron National Grassland and grazers are excluded from the riparian area, other studies have found associations between lack of cottonwood recruitment and elk herbivory on cottonwood seedlings and resprouts (Beschta 2003 (Beschta , 2005 . Therefore, differences in regeneration among studies could be associated with differential amounts of native browsing or livestock grazing pressure. More post-wildfire studies of cottonwood regeneration across a broad geographic range and a broad range of contexts, which allow sufficient time for recovery and regeneration, are necessary to determine the drivers of variability in P. deltoides resprouting.
Identifying potential paths toward self-sustaining regeneration in cottonwood stands is important because reliance on intensive restoration actions in an attempt to control complex adaptive systems often does not work in the long run (Allen et al. 2002; Beechie et al. 2010) . If new tree plantings are fundamental to cottonwood riparian forest regeneration and persistence (because of a presumed lack of resprouting), then long-term investments in new plantings will be an ongoing component of silvicultural plans. However, even if planted seedlings survive to adult ages, additional management will be necessary to retain larger individuals in the face of large-scale and intense disturbances (e.g. fire) and also to remove invasive species (e.g. tamarisk) that affect cottonwood recruitment and life stage transitions. This cycle of planting of new trees and the subsequent protection of those trees as they get older is a classic signature of a command and control approach to natural resource management-success at one demographic stage forces sequential control efforts at later demographic stages (Folke 2006; Allen et al. 2014) . The unintended consequence of command and control management is that it results in population synchrony over a landscape, which can increase the likelihood that large-scale perturbations such as drought, invasion, disturbance, or pest outbreaks will collapse the very resource intensive restoration actions were meant to protect (Messier et al. 2015) .
An alternative approach is to manage for critical types and ranges of variability in disturbance regimes (Holling & Meffe 1996) . With decreased flooding in the Great Plains and an increase in the incidence and severity of wildfire (Donovan et al. 2017) , the importance of understanding P. deltoides response to wildfire across a range of conditions is imperative if P. deltoides riparian forests are to persist in the face of altered disturbance regimes. While our study shows that germination and short-term establishment of juveniles as well as basal resprouting are possible following fire, further research is needed to determine the potential for long-term survival of these individuals. In addition, given the variability in cottonwood response to fire, more research is needed to determine the conditions under which recruitment can occur following fire. If it is determined that P. deltoides forest regeneration can occur following fire, fire regime restoration could provide a more cost-effective means for creating asynchronous age-classes over large areas of riparian forest than currently applied command-and-control approaches. The potential for increased asynchrony in stand age are indicated by a combination of data from burned and unburned plots at Cimarron National Grassland. Burned plots are characterized by high density of resprouting mature trees and juveniles and a highly left-skewed age distribution, while unburned plots have a bimodally distributed age structure. If the juveniles continue to survive and are capable of replacing the burned stand, combining these patch types across a landscape results in an overall more even distribution of age classes, although age classes would be patchily distributed across the landscape. This provides a mosaic of asynchronously dynamic cottonwood patches. Asynchrony among local populations, while increasing local extinction probability, has been shown to increase overall stability by reducing global extinction probability (Heino et al. 1997; Palmqvist & Lundberg 1998) . In addition, fire has been shown to be an effective tool for limiting biological invasions without employing intensive mechanical means, which require constant reapplication for species that reproduce prolifically such as cedar, or resprout following mechanical removal such as tamarisk (Holling & Meffe 1996) . We found P. deltoides regeneration to be higher than tamarisk regeneration in areas burned by the wildfire and tamarisk regeneration to be higher in unburned plots. This suggests that under some conditions, wildfire might provide a means of increasing the persistence of P. deltoides in areas where mortality of cottonwood might otherwise lead to the replacement of cottonwood by tamarisk.
The life history strategy of cottonwoods evolved in response to the specific climate stressors and disturbance regimes at a given location. Disturbance regimes include temporal and spatial components as well as the intensity profile of disturbance through time and space (Turner et al. 1997) . Given their location along prairie river floodplains, in the Great Plains many P. deltoides stands likely would have been exposed to relatively frequent low intensity fires and occasional high intensity fires were also likely throughout much of the range of cottonwood, especially the more arid portions of its range, given the propensity for drought and subsequent low fuel moisture content in these areas (Dwire & Kauffman 2003) . This is evidenced by widespread contemporary incidences of high intensity fires that burn through riparian cottonwood stands and historical fire scar data from cottonwood forests (Mahoney & Rood 1998 ). In addition, cottonwoods have thick bark that makes them more fire resistant (Hengst & Dawson 1993) , suggesting that fire played some role in their evolutionary history. Clonal sprouting provides the primary route for recruitment in a habitat that is consistently exposed to a range of intensities in physical disturbance, providing opportunities for recruitment during periods when seedling production is limited due to the intensity of disturbance (Gom & Rood 2000; Rood et al. 2007) . Given this, regeneration through vegetative growth could be essential to the persistence of some riparian cottonwood communities. It is estimated that even without any seedling establishment for long periods of time, cottonwood forests can regenerate entirely through resprouting (Shaw 1976) .
There is a need for a greater network of post-wildfire surveys that explore the mechanisms of divergent responses of P. deltoides under a range of environmental and climatic conditions. In addition, longer-term studies are necessary to determine the potential for resprouting to result in recruitment to adult cottonwood stands. Such an approach would enhance our understanding of conditions under which P. deltoides can persist following wildfire, ensuring cottonwood persistence in a future with uncertain global drivers. More broadly, extending these findings to other resprouting riparian forest species suggests the importance of better understanding riparian forest response to disturbance across a range of conditions in order to develop self-sustaining restoration strategies in areas where intensive restoration interventions could be untenable.
